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目的：基于弥散张量成像技术(diffusion tensor imaging, DTI)和血氧水平依赖
磁共振成像技术 (blood oxygen leveldependent magnetic resonance imaging, 
BOLD-fMRI)探讨轻型脑创伤患者急性期(mild traumatic brain injury, mTBI)脑结
构网络和功能网络拓扑结构属性的变化特征。 
材料和方法：前瞻性病例对照研究，通过厦门大学医学院伦理委员会批准，
2014 年 11 月开始，2015 年 8 月结束，在厦门大学附属东南医院完成。研究对象
纳入标准：临床诊断 mTBI(GCS 评分 13~15 分)；右利手；能够配合检查。排除
标准：合并其它脑病者，包括先天性发育畸形、癫痫、中风、外伤、出血、感染、
代谢、严重脑萎缩等病史者；存在心理、精神病史者；小于 18 岁未成年和大于
60 岁老年患者；检查图像和数据不标准者。纳入对象在受伤后 1 周内进行 DTI
和静息态 BOLD 序列联合扫描。同期选择与实验组性别、年龄相匹配的正常者
为对照组，行相同参数的 DTI 序列和 BOLD 序列扫描。运用 PANDA 软件处理、
分析 DTI 数据，基于部分各向异性分数(fractional anisotropy, FA)矩阵构建 DTI
脑白质纤维网络。运用 DPARSF 软件处理、分析 BOLD 数据，基于时间序列的
相关关系构建功能网络矩阵。最后采用基于图论的复杂网络方法对构建的脑结构
网络和脑功能网络进行拓扑特性分析，采用两样本 t 检验来比较脑网络特征参数
γ、λ、σ、聚类系数(clustering coefficient, Cp)、最短路径长度(short path length, Lp)、
局部效率(local efficiency, Eloc)、全局效率(global efficiency, Eg)、模块度 Q 值
(modularity)、介数中心度(betweenness, Be)、节点度 Ki 及节点效率 Ei 的组间差
异。 
结果：mTBI 患者 22 例，其中男性 16 例，女性 6 例，平均年龄为 40.68±12.50
岁；对照组 14 例，其中男性 9 例，女性 5 例，平均年龄为 41.57±15.42 岁。基于
DTI 数据构建的结构网络，mTBI 组和对照组均表现出小世界网络拓扑特性，符
合小世界网络的基本特征: γ>>1、λ≈1 及 σ>>1。与对照组相比，mTBI 组的小世
界特性参数(Eg、Eloc 及 Lp)出现了统计学差别的改变(p<0.05)，其中 Eg 在稀疏
度阈值 0.05~0.4 之间下降，Eloc 在稀疏度阈值 0.1~0.4 之间下降，而 Lp 增大(稀





















基于 BOLD 数据构建的功能网络，在预设的网络稀疏度 0.05~0.15 范围内，
mTBI 组和对照组均表现出小世界网络拓扑特性，符合小世界网络的基本特征: 
γ>>1、λ≈1 及 σ>>1。两组之间 γ和 σ 无统计学差异(p>0.05)，λ值在 0.05~0.07 阈
值范围内有统计学差异(p<0.05)。在网络特定的稀疏度阈值下，Eg 和 Cp 下降
(p>0.05)，但无统计学意义，在稀疏度阈值 0.31~0.40 范围内 Eloc 下降和 Lp 增









结论：基于本组 mTBI 右利手患者的研究结果认为，1. mTBI 患者基于 DTI























Objective: To explore the changes of topological properties of the brain 
networks based on DTI and BOLD data from patients with mild traumatic brain injury 
(mTBI) in early stage. 
Materials and methods:A prospective case-control study admitted by the 
medicine ethics committee of medical college of Xiamen university. It began in 
November 2014 in the southeast hospital affiliated of Xiamen university, and ended in 
August 2015. Inclusion criteria: clinical diagnosis of mTBI (GCS score 13~15 points); 
Right-handed; Cooperate with a check. Exclusion criteria: All the patients performed 
DTI scan and BOLD scanwithin 1 week after injury. Meanwhile, subjects who 
matched in age and gender of the mTBI group were choosen as healthy control group. 
Two groups were scaned the same sequences with the same parameters. DTI data 
analysis was processed by PANDA software. The cerebral white matter fiber network 
was constructed by the fractional anisotropy matrix. BOLD data analysis was 
processed byDPARSF software. The functional network was constructed by the 
correlation between time series. we finally analyzed brain structural and functional 
network topology characteristics based on the graph theory. Two sample t-test was 
used to compare the differences of brain network characteristic parameters, such asγ，
λ，σ，Cp (clustering coefficient), Lp (short path length), Eloc(local efficiency), Eg 
(global efficiency), module value Q(modularity), Be (betweenness), node degree and 
node efficiency. 
Results: We collected 22 mTBIpatients including 16 male and 6 female. Average 
age was 40.68±12.50 years;14 caseswere inthe control group, including 9male and 5 
female.The average age was 41.57±15.42 years.mTBI group and the control group 
both showed small-world network topologicalcharacteristics, accordingto the basic 
characteristics of small world network: γ>>1,λ≈1,σ>>1. There was no statistical 
difference (p > 0.05) between γ, λ, σ, Cp, Be; Ki and Qof the two groups.Eg, Eloc and 
Lp hadsignificant difference (p < 0.05) in mTBI group compared with normal control 
group. Eg decreased in sparse degree threshold between 0.05~0.4. Eloc decreased in 
sparse degree threshold between 0.1 to 0.4.and Lp increases (sparse degree: 0.05~0.4). 















significance between the two groups. Local effect of structure nodes between two 
groups was also different. Node degree in mTBI group decreased in left inferior 
frontal opercularisgyrus, left medial frontal gyrus, left rectusgyri, left caudate nucleus 
and right heschl's gyri (p < 0.05). There was decreased node efficiency (p < 0.05) in 
right frontal dorsolateral gyrus, left orbital frontal gyrus, bilateral inferior frontal 
opercularis gyrus, right supplementary motor area, bilateral medial frontal gyrus, left 
orbital frontal gyrus, leftrectusgyri, left hippocampus, left surrounding cortex of 
calcarine sulcus,left superior parietal lobule, left caudate nucleus, right thalamus, right 
heschl's gyri and left inferior temporal gyrus.  
As for the functional network constructed by BOLD data, in the preset threshold  
range 0.05~0.15, mTBI group and the control group both show small world network 
topological characteristics, which according to the basic characteristics of small world 
network. γ and σ had no statistical difference between two groups (p > 0.05); λ had 
statistical significant differece between threshold range 0.05~0.07 (p < 0.05). In the 
preset threshold range0.05~0.15, Eg and Cp decreased, but there were no statistical 
significance (p > 0.05). In the thethreshold range 0.31~0.40, Eloc declined and Lp 
increased(0.05 < p < 0.1). Within thethreshold range0.05~0.15, Q and Behad no 
statistically significant difference(p > 0.05). Functionalnodal effect between the two 
groups were also different. Compared with normal control group, the obital part of 
right inferior frontal gyrus, left medial frontal gyrus, left medial orbital frontal gyrus, 
left anterior cingulateand paracingulate gyri, left angular gyrus, left precuneus, right 
superior temporal gyrus, bilateralmiddle temporal gyrus and right superior temporal 
gyrus had changes in node degree, node efficiency and betweenness (p < 0.05). 
Among them, the left orbital part of inferior frontal gyrus and left medial frontal gyrus 
had decreased node degree, low efficiency and betweenness (p < 0.05). In the left 
medial orbital frontal gyrus, node degree, nodeefficiency and betweenness increased 
(p < 0.05). In the left insula, right precuneus, left caudate nucleus, left putamen, 
bilateral pallidus and bilateral temporal pole: superior temporal gyrus,these brain 
regions had changes in node degree and node efficiency (p < 0.05). 
Conclusion: 1. The brain networks of mTBIpatients constructed by DTI and 
BOLD data were proved to both have small world properties. 2. Eloc and Eg of the 
structural network in mTBI group decreased than the control group, while there was 
no statitical difference in the functional network. It suggested a compensate for 















InmTBI Patients, some brain regions which had structural and functional changed 
nodal effect mainly distribute in the frontal lobe, temporal lobe and basal ganglia 
region.These structural and functional changes may be related with PCS, PTA and 
post-traumatic mental state 
Keywords: mild traumatic brain injury; diffusion tensor imaging; BOLD-fMRI; 
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轻型脑创伤 mild traumatic brain injury mTBI 
弥散张量成像技术 diffusion tensor imaging DTI 
各向异性分数 fractional anisotropy FA 
聚类系数 clustering coefficient Cp 
最短路径长度 short path length Lp 
局部效率 local efficiency Eloc 
全局效率 global efficiency Eg 
介数中心性 betweenness Be 
格拉斯哥昏迷量表 Glasgow coma scale GCS 
脑创伤后综合症 post concussion syndrome PCS 
弥漫性轴索损伤 diffuse axonal injury DAI 
创伤性轴索损伤 traumatic axonal injury TAI 
动脉自旋标记技术 arterial spin labelled ASL 
磁敏感加权成像技术 susceptibility weighted imaging SWI 
脱氧血红蛋白 deoxygenated hemoglobin Hb 
平均弥散速度 mean diffusivity MD 
表观扩散系数 apparent diffusion coefficient ADC 
基于纤维束示踪的空间统计
分析 tract-based spatial statistics TBSS 
平均弥散速度 apparent diffusion velocity ADC 
径向扩散系数 radial diffusivity RD 
脑功能成像 functional magnetic resonance imaging fMRI 
脑默认网络 default mode network DMN 
单光子发射计算机断层成像 Single photon emission computed tomography SPECT 
正电子发射断层成像技术 Positron Emission Computed Tomography PET 
创伤后失忆症 Posttraumatic amnesia PTA 
血氧水平依赖 Blood Oxygen Level Dependent BOLD 
磁共振波谱技术 MR spectroscopy MRS 
脑创伤 traumatic brain injury TBI 
电子计算机断层扫描 computed tomography CT 























mTBI 是最常见的 TBI 类型，它是一种闭合性 TBI，美国康复医学会 1993
年给出的定义如下：患者在外力作用下引起脑功能紊乱，其伤后 30min 后格拉斯
哥昏迷量表评分(Glasgow coma scale, GCS)错误！未找到引用源。在 13~15 分，







现以上症状或精神状态改变超过 15 分钟。三级为事发时出现意识缺失。 
随着 mTBI 相关的研究越来越多，2014 年世界卫生组织特别小组全面总结





给 mTBI 病人的脑创伤后综合症(post concussion syndrome，PCS)找到了影像学上
的证据，而不同于以往常常全部归咎于心因性因素。 
1.2 轻型脑创伤神经病理基础 

























能障碍的原因。Philip J. A. Dean1 等的研究发现 mTBI 病人一年后有额前区灰质
















1.3.1 磁敏感加权成像技术在 mTBI 的应用价值 
磁敏感加权成像技术(susceptibility weighted imaging, SWI)是监测后天性 TBI
最有价值的技术之一。它是一种利用不同组织间磁敏感性差异产生图像对比的技
术。脑微血管在外力作用下过度扩张、撕裂及破裂，脱氧血红蛋白(deoxygenated 
hemoglobin, Hb)从血管逸出，由于 Hb 的顺磁性，改变了局部磁场环境，因此出
血灶与周围组织的磁敏感性产生了差别。因此它对于识别血管外的血液代谢产物





















明确的小出血灶错误！未找到引用源。。Miriam H. Beauchamp 等统计了 76 个 TBI
病人的病灶数，表明 SWI 对于探测 TBI 出血灶较 CT 有更大的敏感性错误！未
找到引用源。。SWI 有类似 T2-FLAIR (T2-fluid attenuated inversion recovery)成像
的特点，但它对于侧脑室周围，胼胝体以及脑沟表面的出血显示更为敏感错误！
未找到引用源。。一个联合应用常规 T2 序列及 T2-FLAIR 和 SWI 序列的研究发
现，这种方法能对 TBI 儿童的病灶定位较 CT 更精准，能更好评估 TBI 儿童远期
预后错误！未找到引用源。。因此利用 SWI 可以显示 mTBI 病人脑部的微小出血
灶，为临床诊断及治疗提供帮助。不同的脑区损伤会产生不同的功能行为异常。
某一脑区的微出血灶可能会导致这一脑区相关的特定的功能失常，因此病灶的定
位和功能缺陷的关系引起了神经学家和 TBI 领域的研究人员的兴趣。Ningzhi Li
等研究了 46 例 TBI 病人的出现灶的空间分布情况，发现脑出血灶最常发生于脑
表面，且在额叶最常见。而白质纤维束分析表明最容易发生损伤的纤维束是胼胝
体错误！未找到引用源。。Cherie A. Colbert 等研究了 101 个 1~32 个月的儿童，
发现脑微血肿的出现与不良的远期神经学结果相关。SWI 探测到的脑微血肿对于
对于评估非意外创伤儿童的远期预后同样具有价值错误！未找到引用源。。朱萍




显示水肿灶上较其他序列具有更大的优势，因此将 SWI 与 DWI 联用，有助于
DAI 的诊断及预后评价。冯振广等错误！未找到引用源。联合 SWI 与 DWI，对
49 例临床诊断为不同程度 DAI 患者进行研究，发现利用 SWI 序列检出的脑出血
灶数量和体积和 DWI 技术检出的脑挫裂伤、出血灶的数量与病人入院时、检查
前 1h 及出院后随访这 3 个时间段的 GCS 评分成负相关。因此，联合使用 SWI
与 DWI 技术能够更好的检出 TBI 后 DAI 患者脑内的微小出血灶和水肿灶，从而
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